The future of safe cell-based therapy rests on overcoming teratoma/ tumor formation, in particular when using human pluripotent stem cells (hPSCs), such as human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Because the presence of a few remaining undifferentiated hPSCs can cause undesirable teratomas after transplantation, complete removal of these cells with no/minimal damage to differentiated cells is a prerequisite for clinical application of hPSC-based therapy. Having identified a unique hESC signature of pro-and antiapoptotic gene expression profile, we hypothesized that targeting hPSC-specific antiapoptotic factor(s) (i.e., survivin or Bcl10) represents an efficient strategy to selectively eliminate pluripotent cells with teratoma potential. Here we report the successful identification of small molecules that can effectively inhibit these antiapoptotic factors, leading to selective and efficient removal of pluripotent stem cells through apoptotic cell death. In particular, a single treatment of hESC-derived mixed population with chemical inhibitors of survivin (e.g., quercetin or YM155) induced selective and complete cell death of undifferentiated hPSCs. In contrast, differentiated cell types (e.g., dopamine neurons and smooth-muscle cells) derived from hPSCs survived well and maintained their functionality. We found that quercetin-induced selective cell death is caused by mitochondrial accumulation of p53 and is sufficient to prevent teratoma formation after transplantation of hESC-or hiPSC-derived cells. Taken together, these results provide the "proof of concept" that small-molecule targeting of hPSC-specific antiapoptotic pathway(s) is a viable strategy to prevent tumor formation by selectively eliminating remaining undifferentiated pluripotent cells for safe hPSC-based therapy.
The future of safe cell-based therapy rests on overcoming teratoma/ tumor formation, in particular when using human pluripotent stem cells (hPSCs), such as human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Because the presence of a few remaining undifferentiated hPSCs can cause undesirable teratomas after transplantation, complete removal of these cells with no/minimal damage to differentiated cells is a prerequisite for clinical application of hPSC-based therapy. Having identified a unique hESC signature of pro-and antiapoptotic gene expression profile, we hypothesized that targeting hPSC-specific antiapoptotic factor(s) (i.e., survivin or Bcl10) represents an efficient strategy to selectively eliminate pluripotent cells with teratoma potential. Here we report the successful identification of small molecules that can effectively inhibit these antiapoptotic factors, leading to selective and efficient removal of pluripotent stem cells through apoptotic cell death. In particular, a single treatment of hESC-derived mixed population with chemical inhibitors of survivin (e.g., quercetin or YM155) induced selective and complete cell death of undifferentiated hPSCs. In contrast, differentiated cell types (e.g., dopamine neurons and smooth-muscle cells) derived from hPSCs survived well and maintained their functionality. We found that quercetin-induced selective cell death is caused by mitochondrial accumulation of p53 and is sufficient to prevent teratoma formation after transplantation of hESC-or hiPSC-derived cells. Taken together, these results provide the "proof of concept" that small-molecule targeting of hPSC-specific antiapoptotic pathway(s) is a viable strategy to prevent tumor formation by selectively eliminating remaining undifferentiated pluripotent cells for safe hPSC-based therapy.
T he unique properties of human pluripotent stem cells (hPSCs) such as human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSC) [i.e., indefinite self-renewal in vitro while maintaining their ability to differentiate into all cell types of the body upon exposure to relevant differentiation signals (1-3)] make them the best potential cell source for cell-based regenerative therapy and/or personalized medicine (4) . Thus, enormous efforts have been undertaken to establish hESC-and hiPSC-based therapies for a variety of degenerative diseases (4-7). However, there are major technical and scientific obstacles remaining to be overcome before hPSCbased cell therapy becomes a realistic therapeutic modality. Most of all, it is of utmost importance to avoid possible teratoma/ tumor formation that can arise from any remaining undifferentiated pluripotent stem cells present in the differentiated cell mixture (8) . Indeed, a systematic transplantation study demonstrated that the teratoma-forming propensity of various mouse iPSC-derived neurospheres correlated with the persistence of residual undifferentiated cells (9) . Because hESCs and hiPSCs also exhibit marked variations in differentiation efficiencies (and remaining undifferentiated cells) (10) (11) (12) (13) , it is critical to remove all residual hiPSCs with teratoma potential before their clinical application. Despite numerous attempts at blocking teratoma formation, including introduction of suicide genes (14) or selecting the desired cell type (15) , immunodepletion (16) , or introducing cytotoxic antibody (17) , a clinically viable strategy to eliminate teratoma formation remains to be developed (8, 18) .
Notably, ESCs are highly susceptible to apoptotic stimuli (19, 20) , which seems to be related to their relatively low frequency of spontaneous mutation (21) . Because early embryonic cells contribute to all tissue types during later developmental stages, it is crucial to minimize the risk of potential genetic alterations in early embryonic cells, which would explain their hypersensitivity to apoptosis in response to genotoxic and environmental stress (19, 22, 23) . Thus, it is likely that hPSCs have unique profiles and/or apoptotic mechanisms that are significantly different from those of differentiated cell types. In line with this, previous studies demonstrated that a distinct mitochondrial p53 function regulates apoptotic signals in ESCs (19, 22) . The mitochondrial localization of p53 was suggested to be the result from unique posttranslational modification (PTM) of undifferentiated hESCs under genotoxic stress (19) . Furthermore, a recent study showed that a constitutively active form of BCL2-associated X (BAX) protein is present in the Golgi complex of hESCs and is translocated to the mitochondria under DNA damage stress, leading to rapid apoptotic response (24) . Taking advantage of the high susceptibility to DNA damage, genotoxic agents were recently suggested to lower teratoma risk of PSCs (25) .
We speculated that deeper understanding of the expression profiles of pro-and antiapoptotic genes in hESCs would provide
Significance
We found that quercetin/YM155-induced selective cell death is sufficient to completely inhibit teratoma formation after transplantation of human pluripotent stem cell (hPSC)-derived cells. These data provide the first "proof of concept" that smallmolecule targeting of hPSC-specific antiapoptotic pathway(s) is a viable strategy to prevent tumor formation by selectively eliminating remaining undifferentiated pluripotent cells for safe hPSC-based therapy.
us with a molecular strategy to selectively eliminate undifferentiated hPSCs. Indeed, our gene expression analysis revealed that in undifferentiated hESCs there is biased expression of many proapoptotic genes, whereas relatively fewer antiapoptotic genes [e.g., B-cell lymphoma 10 (BCL10) and baculoviral IAP repeated containing 5 (BIRC5), encoding Bcl10 and survivin, respectively] are highly expressed, compared with their differentiated counterparts. This observation prompted us to further hypothesize that survival of undifferentiated hPSCs is highly dependent on these antiapoptotic factors and that modulating these factors may efficiently and selectively control cell death of undifferentiated hESCs. To address this, we identified potential chemical inhibitors of these antiapoptotic factors and assessed their effects in vitro and in vivo. Remarkably, we found that a short exposure of a mixed population of hPSC-derived cells to inhibitors of survivin, such as quercetin (QC) or YM155, is sufficient to eliminate remaining undifferentiated hPSCs without affecting their differentiated counterparts, leading to complete inhibition of teratoma formation after transplantation. Moreover, differentiated cell types from hPSCs [i.e., dopaminergic neuronal cells and smooth-muscle cells (SMCs)] survived well and retained their function after exposure to QC or YM155. Furthermore, we found that, upon exposure to QC, p53 prominently accumulated in mitochondria, triggering the intrinsic apoptotic pathway in undifferentiated hPSCs. Our data illustrate the "proof of concept" that small-molecule targeting of hPSC-specific antiapoptotic factors is an efficient strategy to eliminate the risk of teratoma formation in pluripotent stem cell-based therapy.
Results
Gene Expression Profiles of Pro-and Antiapoptotic Factors in Undifferentiated vs. Differentiated hESCs. To better understand the unique cellular/molecular properties of apoptotic responses in hPSCs, we examined and compared the apoptotic machinery in undifferentiated and differentiated hESCs. Toward this goal, we prepared mRNAs from undifferentiated and spontaneously differentiated hESCs [day-14 embryoid bodies (EBs)] and examined gene expression profiles of 58 pro-and 26 antiapoptosis genes using a commercially available apoptosis PCR array (SABiosciences; Materials and Methods). As shown in Table S1 , 22 of 58 proapoptotic genes were significantly up-regulated (>twofold) in undifferentiated hESCs compared with differentiated cells. Remarkably, among these genes, 11 (19%) were upregulated more than 20-fold in undifferentiated hESCs (Fig. 1A , circled in red). Among 26 antiapoptotic genes tested here, 10 antiapoptotic genes were up-regulated more than twofold, and only two genes (8%) were up-regulated more than 10-fold. Five genes up-regulated >fivefold are highlighted by blue circles in Fig. 1B . These results indicate that proapoptotic genes are more preferentially expressed in undifferentiated hESCs than antiapoptotic genes, which corroborates with their hypersensitive apoptotic response to genotoxic challenges. To further examine hESC-specific expression of antiapoptotic genes, we analyzed the expression pattern of these up-regulated antiapoptotic genes and BIRC5, which has been reported to be expressed in ESCs (23, 26, 27) , using a database library of gene expression profile (http:// nextbio.com). Microarray data showing the expression levels of up-regulated (>twofold) antiapoptotic genes (BCL10, BCL2L2, BRAF, BAG1, DFFA, BAG4, MCL1, BFAR, BCL2, BIRC6, and BIRC5) were compared between 27 hESC lines, 26 adult stem/ progenitor cells, and 16 normal noncancer cell lines (Fig. 1C and Table S2 ). Remarkably, we found that expression of only two genes, BCL10 and BIRC5 (encoding Bcl10 and survivin, respectively), is significantly higher in hESCs cell lines than in other cell types (e.g., tissue-specific stem cells and nontransformed cell lines). In agreement with these results, the BIRC5 (survivin) gene was initially identified as an antiapoptotic gene that is highly expressed during fetal development but undetectable in terminally differentiated tissues (28) . Furthermore, recent studies showed that it is also highly expressed in mouse and human ESCs (23, 26, 27) . To further validate the specific expression of these genes during in vitro differentiation of hESCs, we monitored their mRNA expression level at different stages of in vitro differentiation [ESC, EB, neural progenitor (NP), and differentiated neuronal stages (ND)] (29) . As shown in Fig. 1D (30) and QC (antagonist of survivin) (31) . We also tested GDC0879, a B-Raf inhibitor (32) , because it is one of numerous antiapoptotic factors that were up-regulated in our initial screening but were inconsistent in multiple cell line data analysis (Fig. 1C) . As shown in Fig. 2A , treatment with ABT737 or QC, but not with GDC0879, induced robust apoptotic cell death selectively in undifferentiated hESCs, supporting the importance of Bcl10 and survivin but not B-Raf for their survival. Consistent with this result, induction of the active form of caspase-3 was distinctively observed in undifferentiated hESCs after treatment with ABT737 and QC, but not with GDC0879 (Fig.  2B ). Nanog levels were significantly down-regulated after ABT737 or QC treatment (Fig. S1F) . In contrast, such apoptotic response was not observed in hDFs, demonstrating that ABT737 and QC induced apoptotic cell death in a pluripotent cell-specific manner. When hESCs were treated with QC, BIRC5 mRNA expression was diminished by more than 40% and 60% when examined at 8 h and 24 h, respectively (Fig. S1A) . When hESCs were treated with YM155, survivin mRNA expression was more robustly diminished to less than 40% level at 8 h after treatment (Fig. S1B) , suggesting that YM155 may be a more potent survivin inhibitor than QC. To address whether selective cell death of hESCs by QC or YM155 treatment is through decreased survivin expression or other off-target effect, we next tested the effect of survivin/BIRC5 knockdown in hESCs. As shown in Fig.  S1C , survivin/BIRC5 knockdown by siRNA significantly increased cell death of hESCs. Taken together, these results strongly suggest that QC/YM155 treatment induces selective cell death of hESCs, at least in part, via suppression of survivin gene expression.
We next tested whether ABT737 and QC have similar effects on undifferentiated hESCs and hiPSCs. First, we treated undifferentiated hESCs and their differentiated counterparts (hDFs) with different concentrations of ABT737 and QC. As shown in Fig. 2C (Left) ABT737 induced ∼50% cell death of undifferentiated hESCs at 5 μM and >85% at 20 μM, but did not affect hDFs at concentrations up to 20 μM. Similarly, ABT737 induced robust cell death of undifferentiated hiPSCs but not of their differentiated counterparts, human aortic vascular SMCs (hASMCs), which originate the hiPSCs (33) (Fig.  2C, Right) . Notably, however, ABT737 was significantly cytotoxic to hASMCs at the >5-μM range, although much less than for undifferentiated hiPSCs. In contrast, we found that QC induced specific cell death of hESCs and hiPSCs, with negligible cytotoxicity to differentiated cells (i.e., hDFs and hASMCs) at concentrations up to 50 μM (Fig. S1G) . The differential cytotoxicity to SMCs between QC (at 50 μM, IC 50 of hiPSCs cell death) and ABT737 (at 5 μM, IC 50 of hiPSCs cell death) was further demonstrated by FACS analysis (Fig. 2D) . Because ABT737 is known to inhibit broader BCL2 family proteins (30) , this relatively low selectivity may underlie the observed ABT737's variable cytotoxicity to differentiated cell types. Identification of highly selective inhibitor(s) of Bcl10 will be useful for more selective apoptosis of undifferentiated hPSCs. Because QC induced selective cell death of undifferentiated hESCs with no apparent cytotoxicity to both differentiated cell types up to 50 μM, we focused on the effects of QC in subsequent experiments.
QC Induces Mitochondrial Accumulation of p53 and MitochondriaMediated Selective Cell Death in Undifferentiated hESCs. We next tested the effect of QC on undifferentiated hESCs and differentiated hDFs. As shown in Fig. 3A , QC treatment induced marked cell death of undifferentiated hESCs in a dose-dependent Fig.1 . Analysis of pro-and antiapoptotic gene expression in undifferentiated hESCs. Expression profile analysis of proapoptotic genes (A) and antiapoptotic genes (B) through apoptosis superarray comparison between hESCs and differentiated cells (day-14 EB) from hESCs was performed, and significantly altered gene expression is shown. Dots circled with a red dotted line indicate proapoptotic genes with a more than 20-fold change (A). A blue dot with a circle indicates antiapoptotic genes with a more than fivefold change (B). (C) Expression level of 10 antiapoptotic factors highly expressed in undifferentiated hESCs was compared with normal cell lines and tissue-specific stem cells (adult stem cells) revealed by database search (www.nextbio.com), and relative expression level was presented in the mean value of scatter plot. Each cell line listed in the database search is described in Table S2 . (D) BIRC5 and BCL10 expression of indicative cell types derived from hESCs [ESC, EB, NP, and differentiated neuronal stages (ND)] were determined by real-time RT-PCR analysis. NANOG and OCT4 were used as pluripotency markers.
manner, but not that of their differentiated counterparts, hDFs. In addition, selective cleavage of poly (ADP ribose) polymerase-1 (PARP-1) and activation of caspase-9 occurred only in undifferentiated hESCs, implying the involvement of a distinct mitochondria-mediated apoptotic event (Fig. 3B) . Indeed, we found that caspase-3 activity, which occurs through caspase-9 activation, was increased in QC-treated hESCs in a dose-dependent manner (Fig. 3C) .
To further understand the molecular mechanism of QCinduced selective cell death in hESCs, we investigated p53 accumulation in mitochondria, which is strongly associated with apoptotic events in mouse and human ESCs (19, 22) . Considering hESCs' high susceptibility to apoptotic stimuli and dominant mitochondrial apoptotic events, we speculated that QC may induce specific cell death in hESCs through the mitochondrial apoptotic pathway. To test this possibility, we investigated whether QC induced mitochondrial accumulation of p53 in hESCs, which is known to be critical to trigger mitochondriadependent apoptosis (19, 22, 34) . We first validated the hESCs' mitochondrial fraction by establishing the specific expression of mitochondrial marker proteins [e.g., voltage-dependent anion channel (VDAC)] but not that of cytoplasmic proteins (e.g., ERK2) and nuclear protein (e.g., PARP-1) (Fig. 3D) under normal (untreated) conditions. After treatment with QC, we observed rapid mitochondrial accumulation of p53, as well as rapid release of the second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO) into the cytoplasm (Fig. 3E) , which amplifies the apoptotic signal (35) . These cellular changes by QC occurred only in hESCs but not in hDFs (Fig. 3E) . Furthermore, mitochondrial accumulation of p53 and consequent Smac/DIABLO release into the cytoplasm after QC treatment triggered caspase-9 activation in hESCs but not in hDFs ( Fig. 3 B and F) . Our results are consistent with previous reports showing that survivin is associated with Smac/DIABLO in mitochondria and delays its release into the cytoplasm (36, 37) and further support the notion that QC induces mitochondria-mediated apoptosis of undifferentiated hESCs via survivin. Because PTM of p53 was suggested to be important for localization of p53 under stress condition (19, 38, 39) , we next compared PTM of p53 (phosphorylation and acetylation with commercially available antibodies) between hESCs and spontaneously differentiated counterparts. Of note, the PTM of p53 in hESCs after QC was significantly different from that of the differentiated counterpart (Fig. S2A , Left), which may account for mitochondrial accumulation of p53 in hESCs (19) .
QC Induces Selective Cell Death of Residual Pluripotent Cells Without Affecting Differentiated Cells and Prevents Teratoma Formation After
Transplantation of hPSC-Derived Cells. To test whether QC can efficiently eliminate residual undifferentiated hPSCs, we spontaneously differentiated hESCs for 6 d on a Matrigel plate to obtain a mixed cell population. This partially differentiated population contains both undifferentiated and differentiated cells, as evidenced by Oct4 positive (dotted line) and Oct4 negative (solid line) populations, respectively (Fig. 4A) . Then we treated this mixed cell population with QC for 24 h. In contrast to undifferentiated hESCs, which underwent QC-induced cell death ( Fig. 2) , the mixed population contained both QC-sensitive and QC-resistant cells. Notably, active caspase-3-positive apoptotic cells were primarily Oct4 positive (Fig. 4A, solid line) , whereas caspase-3-negative cells were Oct4 negative (Fig. 4A , dotted line), confirming the highly selective cell death of pluripotent cells induced by QC among the mixed population. In addition, alkaline phosphatase (AP)-positive cells, representing PSCs, were selectively detached and underwent cell death, whereas AP-negative cells remained attached and survived (Fig. S2B) . When hESCs were maintained without bFGF2 for 6 d we consistently observed that a number of cells survived after QC treatment as opposed to when they were maintained with bFGF2 (Fig. S2C) .
Furthermore, apoptotic cells with distinct PARP-1 cleavage and Oct4 expression were prominently detected only in floating dead/dying cells, whereas they were absent in adherent live cells (Fig. S2D) . Together, our results demonstrate that QC treatment induced selective cell death in remaining pluripotent cells (Oct4/ AP positive), whereas differentiated cells (Oct4/AP negative) were not affected.
To further validate selective cell death of undifferentiated hESCs by QC, we mixed spontaneously differentiated hESCs (EB day 10) and undifferentiated hESCs, followed by QC treatment for 24 h. Stage-specific embryonic antigen-3 (SSEA- (Fig. 4B) . We also tested the long-term effect of QC on differentiated cells (EB day 10) by analyzing cell death after a single 24-h treatment followed by 5 d in culture. As shown in Fig. S2E , FACS analysis revealed that the SSEA-3-positive population was almost completely eliminated, whereas the SSEA-3-negative population survived.
We next tested whether QC treatment affects the functionality of differentiated cells. First, we tested whether QC treatment skews differentiation of hESCs into specific lineages. To this end, spontaneously differentiated hESCs (EB day 10) were exposed to QC for 24 h and further differentiated for 5 additional days before PCR analyses using lineage-specific primers. As shown in Fig. 4 C and D , mRNA expression levels of the α-fetoprotein (AFP, an endodermal marker), the BrachyuryT (a mesodermal marker), and PAX6 (an ectodermal marker) were unaffected by QC treatment, indicating that specific lineage differentiation is not affected by QC treatment. Examination of additional lineage-specific marker genes confirmed that QC or YM155 treatments have minimum effect on the differentiation process ( Fig.  S3 A and B) . We also differentiated hESCs into a Tuj1-positive neuronal population containing a high proportion of dopamine neurons, according to our efficient in vitro differentiation method (29) . After QC treatment (50 μM) for 24 h, these neuronal cells remained morphologically intact and revealed a comparable number of tyrosine hydroxylase (TH)-positive dopamine neurons (Fig. S2F ). In addition, as examined by dopamine uptake function, these neurons remained fully functional after QC treatment (Fig. S2G) . We also differentiated hiPSCs derived from hASMC into SMCs (hiPSC-SMC1 and -SMC3) (33) and tested the effect of QC treatment. Similarly to hESCs, apoptotic cell death occurred only in undifferentiated hiPSCs, whereas differentiated cells (hiPSC-SMCs) were unaffected (Fig.  S4A) . PARP-1 cleavage correlated with the generation of active caspase-9 and caspase-3 in hiPSCs after QC treatment but not in hiPSC-SMCs (Fig. S4B) . Similarly, the active caspase-3-positive population after QC treatment in hiPSCs-SMCs mixed cell population was dominant in an SSEA4-positive population but not an α-smooth muscle actin (α-SMA), an SMC-specific marker, positive population (Fig. S5) . Furthermore, after QC exposure, SMCs derived from hiPSCs were fully functional, as evidenced by α-SMA (Fig. S4C ) and the induction of calcium influx (Fig. S4D) . Taken together, our results demonstrate that QC treatment affected neither survival nor functional characteristics of hPSCderived differentiated cells such as dopamine neurons or SMCs.
The above promising results prompted us to test whether QC treatment can prevent teratoma formation in vivo after transplantation of hPSC-derived cells. First, we treated a mixed cell population (1:1 of EB day 10 and undifferentiated hESCs) with 50 μM of QC for 24 h and injected 5 × 10 6 cells into mouse testes. After 10 wk, mouse testes injected with mixed cells untreated with QC developed teratomas more than 2 cm in diameter (Fig. 4E) . In sharp contrast, mouse testes injected with QC-pretreated cells did not form any teratoma-like tumor mass. Human cells surviving in the mouse testes were identified by both immunohistochemistry (IHC) and FISH analysis. Human nuclear antigen-positive cells were found in the testes when both hESC-derived cells with and without QC treatment were transplanted (Fig. 4F) . As expected, much more human nuclear antigen-positive cells were found in the testes grafted with QCunexposed cells than those with QC-exposed cells. To avoid IHC bias, cells derived from hESCs (H9: 46,XX) were analyzed by FISH analysis using human X (CEP X, green) and Y (CEP Y, orange) chromosome probes. hESC-derived cells positive for the X chromosome, but not the Y chromosome, were found more prevalently in the testes with teratoma (Fig. 4G) . Together, both QC-exposed and QC-unexposed hESC-derived cells survived after transplantation into mouse testes, but uncontrolled teratoma formation was completely inhibited when QC-exposed cells were grafted. Finally, to further evaluate the potency of QC treatment, we injected 5 × 10 6 undifferentiated hESCs with or (Scale bars, 200 μm.) (B) Apoptotic levels were determined by immunoblotting for PARP-1 and caspase-9 cleavage (F, full length; T, truncated). Oct4 was used as an indicator of pluripotent hESCs, and β-actin was used to show equal protein loading. (C) Caspase-3 activity of hESCs and hDFs in response to the indicated QC treatments was determined using a caspase-3 activity assay. (D) Undifferentiated hESCs were fractionated into cytoplasmic (Cyt), nuclear (Nuc), and mitochondrial (Mito) fractions, and levels of appropriate marker proteins were determined in the fractions and compared with those from whole cell lysate (WCL) by immunoblotting. (E) Undifferentiated hESCs and hDFs were treated with 50 μM QC for the indicated times, and mitochondria were isolated at the end of treatment. Levels of p53 and Smac in mitochondria (Mito) and cytoplasm (Cyt) were determined by immunoblotting. ERK2 and VDAC were used to verify equal loading of cytoplasmic and mitochondrial fractions, respectively. (F) The mitochondria-dependent apoptotic signal was determined by measuring the cleaved form of caspase-9 at the indicated times after QC treatment initiation (50 μM) of undifferentiated hESCs. β-actin was used to illustrate equal loading.
without QC treatment (50 μM) for 24 h. Big teratomas were generated in all three mice after injection of undifferentiated hESCs into testes (Fig. S6A, Top) . These teratomas contained tissues of all three germ layers (Fig. S6B) . Similar results were obtained when hESCs were s.c. injected (Fig. S6A , Middle) and with hiPSCs using testes injection (Fig. S6A, Bottom) . Thus, teratomas were generated when undifferentiated hESCs were injected into testes (n = 4) and the dorsum (n = 1) and when undifferentiated hiPSCs (n = 1) were injected into testes. In sharp contrast, pretreatment with QC completely prevented teratoma formation in all six corresponding injections of hPSCs (Fig. S6C) .
Another Survivin Inhibitor, YM155, Efficiently Induces Selective Cell
Death of hPSCs at the Nanomolar Range. To further validate the effectiveness of survivin inhibition for selective cell death of hPSCs, we sought to identify additional candidate inhibitor(s) of survivin. During the last decade, survivin has been extensively investigated as a potential cancer target, and a fair number of inhibitors have been identified and comprehensively tested for their potential anticancer activities (40) . Among these known survivin inhibitors, we examined candidate chemicals such as gambogic acid (GA) (41), kaempferol (KP) (42) , and YM155 (43) for their effectiveness to selectively induce cell death of hPSCs, in comparison with the effect of QC. Interestingly, we found that YM155, but not GA or KP, efficiently induced cell death of hESCs (Fig. 5A) . We next tested the dose dependent response of YM155 for inducing cell death of hESCs ( Fig. 5 B  and C) . Remarkably, YM155's IC 50 was found to be less than 5 nM (approximately 2.5 nM, IC 50 of YM155) for inducing hESCs' cell death (Fig. 5D ). Thus, YM155 was effective at a concentration three orders of magnitude lower than QC. Moreover, YM155 seemed to be noncytotoxic to differentiated cells such as hDFs and hASMCs (Fig. 5D) . At a concentration up to 250 nM (100 times higher concentration than the IC 50 for hiPSCs), SMCs survived well without any sign of cell death (Fig. 5D) . We next treated a mixed cell population (1:1 of spontaneously differentiated EB day 10 and undifferentiated hESCs) with 10 nM of YM155 for 24 h and analyzed their apoptotic responses after 6 d of additional differentiation by FACS analysis (Fig. 5E ). In the absence of YM155 treatment, ∼30% of SSEA-3 + cells were retained at day 6 (Fig. 5E) . In sharp contrast, exposure to YM155 reduced the SSEA-3 + cells to undetectable levels. When hDFs were treated with YM155, there was apparently no cell death (Fig. S7A) . Cell death of hESCs by YM155 was selectively occurring in SSEA-3 + cells (Fig. S7B) . YM155 treatment induced different PTM of p53 from that of a differentiated counterpart, similar to the case with QC treatment (Fig. S2A, Right) . Finally, as expected, in hESCs pretreatment with YM155 for 24 h was sufficient to inhibit teratoma formation (Fig. 5F) . Furthermore, Tuj1+/TH+ dopamine neurons derived from hESCs remained intact neuronal morphology after 24 h treatment of YM155 (Fig. S7C) , which appear to be functionally intact, as examined by dopamine uptake function (Fig. S7D) . In addition, as determined by Ca 2+ influx, SMC derived from hiPSCs was functionally intact after treatment with YM155 (Fig. 5H) . Similar to the case with QC, teratoma derived from cell mixture of hiPSCs and SMCs (Fig. S7 E and F) was completely inhibited by single exposure of YM155 for 24 h before injection, with no apparent sign of teratoma (Fig. S7E, Right) . Taken together, two mice were subjected to examine the effect of YM155 for inhibition of teratoma formation by hPSCs (one for hESCs and one for hiPSCs) (Fig. S7G) . None of the mice pretreated with YM155 formed teratoma, indicating that YM155 is highly effective to block teratoma formation.
Discussion
Accumulation of mutations in early embryonic cells and ESCs would result in enormous harmful effects to all subsequently derived somatic cells arising at later developmental stages and/or those of future generations. Thus, it is critical that these cells maintain their genomic integrity by establishing unique mechanisms, such as significantly lower mutation rates and lower frequencies of mitotic recombination than their differentiated counterparts (21, 44) . The low mutation frequency of ESCs seems to be the result of not only being equipped with a welldeveloped DNA repair system (45, 46) but also of hypersensitivity to cell death under genotoxic stresses (23) . Hypersensitivity to cell death under stress conditions is supposedly a protective mechanism to safeguard the genomic integrity of ESCs by removing damaged cells with a mutational burden (22) . Therefore, in ESCs, stress mediators (e.g., p53) preferentially trigger apoptosis rather than induce a cell cycle arrest-related transcriptional program (22, 47) . Given that p53 directly suppresses Nanog expression, one of a number of key transcription factors involved in pluripotency maintenance (48), p53-dependent transcription under genotoxic stress could induce differentiation by blocking Nanog expression, which might transmit the possible mutations under genotoxic stress condition to the differentiated cells. To avoid this outcome, p53 must be specifically regulated to preferentially induce an apoptotic response in ESCs in a p53 transcription-independent manner. In undifferentiated mouse and human ESCs p53-mediated apoptosis is a transcriptionindependent event, occurring through translocation of p53 into mitochondria (19, 22) . Because BIRC5 is suppressed by p53-dependent transcription in normal somatic cells (49) , atypical p53 response in hPSCs (translocation to the mitochondria but not nucleus under stress condition) would result in constant high expression of BIRC5 in undifferentiated hPSCs. To further test the possible p53 transcription-dependent apoptotic response induced by QC or YM155, we determined their effect on gene regulation of p21 and p53 inducible gene 3 (PIG3), a p53 downstream proapoptotic gene (50) . As shown in Fig. S8A , QC seemed to transiently promote p21CIP1 expression, whereas YM155 did not significantly affect p21 expression. PIG3 expression was unaffected by QC or YM155 treatment in hESCs (Fig. S8B) , indicating that p53-dependent transcription marginally affected apoptosis induction, if at all. In addition, QC or YM155 treatment did not increase two representative NF-κB-dependent proapoptotic genes, Bcl2-interacting mediator of cell death (BIM) (51) and Fas-ligand (FASLG) (52) (Fig. S8 C and D) . Taken together, to maintain such a high susceptibility to apoptotic signals, ESCs may need to be equipped with a unique molecular apoptosis machinery. Indeed, we found that undifferentiated hESCs highly express a number of proapoptotic genes and relatively few antiapoptotic genes, compared with their differentiated counterparts (Fig. 1) . Among the 11 proapoptotic genes that were highly up-regulated (>20-fold) in hESCs, 6 are strongly correlated with mitochondrial apoptotic pathways: PYCARD, APAF-1, TP53BP2, HRK, BCL2L11, and BNIP1 (Table S1 ) (53) (54) (55) (56) (57) . Thus, in the presence of these highly expressed proapoptotic genes, hESCs are likely critically dependent, for their survival and self-renewal, on relatively few antiapoptotic genes (e.g., Bcl10 and survivin) that are highly and preferentially expressed in hESCs.
On the basis of the unique signature of pro-and antiapoptotic gene expression, we speculated that inhibiting key antiapoptotic factors would induce apoptotic cell death of residual undifferentiated hPSCs and thus prevent tumor/teratoma formation after transplantation of hPSC-derived cells. In particular, we sought to test chemical inhibitors of Bcl10 and survivin that are relatively enriched in hESCs compared with differentiated cell types (Fig. 1) . Indeed, we found that ABT737 and QC, inhibiting Bcl-2 family proteins and survivin, respectively, triggered robust apoptosis of hESCs and hiPSCs but not that of their differentiated counterparts (Fig. 2) . However, because ABT737 is not Bcl10-specific and exerts modest levels of nonspecific cytotoxicity to certain differentiated cell types, we focused on the effects of the survivin inhibitor QC in this study.
QC, a ubiquitous dietary flavonoid, is widely found in many fruits and vegetables, including apples and green tea. QC has been extensively investigated for its ability to inhibit the proliferation of various types of cancer cells and tumor growth, which is found to be related, at least in part, to its inhibition of survivin expression (31, 40, 58) . Remarkably, QC triggered rapid and robust apoptosis only in hPSCs but not in their differentiated counterparts (Figs. 2-4) . Furthermore, a single exposure of undifferentiated hESCs to QC completely prevented teratoma formation after in vivo transplantation, whereas differentiated cells derived from hPSCs survived and remained functionally intact (Fig. 4 and Figs. S2 and S4 ). In addition, QC treatment does not seem to influence differentiation of hESCs into three germ layer lineages (Fig. 4C and D and Fig. S3 ). Notably, a single exposure to QC followed by in vitro culture and differentiation was sufficient to completely prevent teratoma formation after transplantation of the resulting cells (Fig. 4E) . In contrast, QC treatment had no effect on the survival and function of fully differentiated cells from hPSCs, such as dopamine neurons and SMCs (Figs. S2 and S4 ). The undifferentiated hESC-specific cell death in response to QC occurred through p53 mitochondrial accumulation, triggering mitochondrial apoptosis (Fig. 3) .
Interestingly, we also found that another survivin inhibitor, YM155, which shares similar molecular structure with QC, can efficiently induce apoptotic cell death of both hESCs and hiPSCs, further validating our notion that small molecules inhibiting key antiapoptotic factors (e.g., survivin) represent a viable strategy to prevent the potential risk of tumor/teratoma formation in hPSCbased cell therapy. Surprisingly, YM155 is more potent than QC (up to three orders of magnitude) and effectively induced hPSCs cell death in the nanomolar ranges (Fig. 5) , although other flavonoids, such as GA (found to be effective in mouse embryonic stem cells (Fig. S1D) and KP, were not effective in hESCs, considering their close structural similarity with QC (Fig. 5A) . Transplantation of YM155-treated cells resulted in complete prevention of teratoma formation (Fig. 5F ). In contrast, it was noncytotoxic to differentiated cells at the concentration range tested in this study (Fig. 5D ). For instance, dopamine neurons derived from hESCs exposed to YM155 for 24 h survived well and functionally intact, as examined by dopamine uptake function (Fig. S7 C and D) . Taken together, we propose that small molecules such as QC and YM155 induce selective apoptosis of residual undifferentiated hPSCs via survivin inhibition and can prevent tumor/teratoma formation in hESC-or hiPSC-based cell therapy.
With regard to safety, QC has been widely used as a nutritional supplement in the United States, and no adverse effects have been reported, even with relatively high doses (500-1,000 mg) for long periods (12 wk) (59) . Furthermore, YM155 is one of a few chemicals that have been shown to be relatively safe and that moved on to phase II clinical trial (40, 60) . Thus, we can expect that the karyotype of SMCs will remain normal after QC treatment (Fig. S9) . However, it is also noteworthy that timely treatment with QC or YM155 for eliminating residual hPSCs before hematopoiesis (e.g., hemangioblasts development) (61) needs to be considered to minimize unexpected undesirable effects on the erythroid terminal maturation process, which requires transient survivin expression (62) .
In summary, we found that hPSCs have a unique and biased signature of pro-and antiapoptotic gene expression, which may be critical for their hypersensitivity to genotoxic stimuli. In particular, two antiapoptotic genes, BIRC5 and BCL10, are selec-tively enriched in hESCs, and their inhibition leads to selective cell death of undifferentiated hPSCs but does not affect lineagespecific differentiation or functionality of differentiated cells. Furthermore, on the basis of their specific expression in ESCs and teratomas (23, 26, 27) , survivin antagonists were proposed as a strategy to avoid teratoma formation for clinical application of hESCs (27) . Indeed, our data show that a single exposure of hESCs or hiPSCs with such inhibitors (e.g., QC and YM155) is sufficient to eliminate tumor formation. Because hPSC-derived mixed populations can be exposed in vitro to these chemicals for a short time, washed off, and can be further differentiated, the resulting cells may represent a safe transplantable cell source with no or minimal risk for tumor/teratoma formation.
Materials and Methods
Reagents. GDC0879 (catalog no. S1104:) and ABT737 (catalog no. S1002:) were purchased from Selleck Chemicals. QC (catalog no. Q0125) was purchased from Sigma-Aldrich, and KP (catalog no. 420345) was purchased from EMD Chemicals. Gambogic acid (catalog no. sc-200137) was purchased from Santa Cruz Biotechnology.
hPSCs Cell Culture and Spontaneous Differentiation. Human ESCs (H9; Wicell Research Institute) and iPSCs (33) were maintained in ESC medium [DMEM/F12 supplemented with 20% (vol/vol) KnockOut Serum Replacement, 0.1% gentamycin, 1% nonessential amino acids, 0.1% β-mercaptoethanol, and 4 ng/mL bFGF2] on mitomycin C-treated mouse embryonic fibroblast (MEF) feeder cells. For QC treatment, hESCs or hiPSCs were cultured in mTeSR1 medium (29106; Stem Cell Technology) on Matrigel-coated 60-mm dishes, as described in the manufacturer's protocol. To construct a mixed population with undifferentiated and differentiated hESCs, we cotransferred undifferentiated hESCs and spontaneously differentiated cells by culturing with media containing 10% (vol/vol) FBS for 10 d to a Matrigel-coated dish.
Cell Culture. hDFs were cultured in high-glucose DMEM (Gibco, catalog no. 11995) with 10% (vol/vol) FBS and 0.1% gentamycin. hASMC and hiPSCderived SMCs were cultured in SMCM medium (ScienCell Research Laboratories, catalog no. 1101), as described previously (33) .
Immunoblotting and Immunofluorescence Cytochemistry. Immunoblotting analysis was performed as described previously (63) . Antibodies used in the present study, anti-PARP1 (SC-7150), anti-Oct4 (SC-5279), anti-β-actin (SC-47778), and anti-ERK2 (SC-154), were purchased from Santa Cruz Biotechnology. Anti-caspase-9 (catalog no. 9502) and anti-cleaved caspase-3 (catalog no. 9661) were purchased from Cell Signaling Technology. Immunofluorescence cytochemistry (IFC) was performed as described previously (62) . Primary antibodies (1:200) used for IFC were anti-Oct4 (SC-5279) and anti-cleaved caspase-3 (Cell Signaling, catalog no. 9661). Images were captured and analyzed using an Axioscope A1 microscope (Carl Zeiss).
Teratoma Formation and IHC. EBs were formed from hESCs or hiPSCs in the presence or absence of QC (100 μM) or YM155 (10 nM), for 24 h. Cells (∼5 × 10 6 cells of hESCs or hiPSCs) were harvested and injected into the testes of nonobese diabetic/SCID mice (Charles River Laboratories). Ten weeks after injection, xenograft masses were harvested, fixed with 4% (vol/vol) paraformaldehyde for 2 wk, and embedded in paraffin using a Tissue-Tek VIP embedding machine (Miles Scientific) and a Thermo Shandon Histocenter2 (Thermo Fisher Scientific). Sections (2-μm thickness) were obtained using a Leica RN2065 microtome (Leica) and stained with hematoxylin-eosin, Masson's trichrome, and Alcian Blue, and analyzed by a trained pathologist. Mouse anti-human nuclear antigen (Thermo Scientific Pierce Antibodies, MA1-83365) was used for human nuclear antigen staining. To eliminate the possible background of mouse tissue sections, a Vector M.O.M immunodetection kit (Vector Laboratories, BMK-2200) was used according to the manufacturer's protocol. The experiments were reviewed and approved by the Institutional Animal Care and Use Committee of CHA University. All procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (publication no. 85-23, revised 1996).
Differentiation of hESCs to Dopaminergic Neurons. Undifferentiated hESCs on a mitomycin C-treated MEF feeder layer were differentiated toward midbrain-type NP cells (NPCs) by culturing on an MS5 feeder layer for 10 d, and then subsequently on an MS5-SHH feeder layer for another 10 d, as previously described (29) . The differentiated NPCs were maintained with DMEM/F12 (Gibco 12500) containing 3 mM D(+) glucose (Sigma-aldrich), 2 mM L-glutamine (Sigma-Aldrich), 5 mg/L insulin (Sigma-Aldrich), 50 mg/L transferrin (Sigma-Aldrich), 30 nM sodium selenite (Sigma-Aldrich), 28.5 mM sodium bicarbonate (Sigma-Aldrich), and penicillin/streptomycin (Invitrogen) and subcultured every 7 d. Terminal differentiation to dopaminergic (DA) neurons from hESC-derived NPCs was performed by culturing with ITS Supplement-A (catalog no. 07151 STEMCELL Tech) with dibutyryl cAMP (0.5 mmol/mL; Sigma-Aldrich), brain-derived neurotrophic factor (20 ng/mL), and glial cell line-derived neurotrophic factor (20 ng/mL; R&D Systems).
DA Uptake Assay. H9-derived DA neurons were treated with QC at a 50-μM concentration for 18 h, and then the ability of the DA neurons to uptake dopamine was measured as described previously (64) . Briefly, the cells were incubated at 37°C for 10 min using 50 nmol/L [3H]DA (51 Ci/mmol; Amersham) with or without 10 μmol/L nomifensine (RBI), and a dopamine transporter blocker to determine nonspecific uptake. After uptake, the reaction solution was aspirated and the cells washed with ice-cold Dulbecco's phosphate buffered saline. The cells were lysed with 0.5 mol/L NaOH, and the radioactivity from the [3H]DA uptake was measured by liquid scintillation counting (Perkin-Elmer). The amount of DA uptake was calculated by deducting nonspecific uptake (with 10 μM nomifensine) from the uptake value without nomifensine.
Calcium Measurement in Live Cells. To test calcium responses, calcium transients induced either by a pharmacological agent, ATP, or by a 75-mM K + solution were measured fluorometrically using the calcium indicator Fura-2 (Molecular Probes) and imaged digitally, as described previously (65) .
Statistical Analysis. The graphical data were presented as mean ± SEM. Statistical significance among three groups and between groups was determined using one-way or two-way ANOVA after Bonferroni posttest and Student t test, respectively. Significance was assumed for P < 0.05 (*), P < 0.01 (**).
Karyotype Analysis of hMSCs. SMCs were incubated with 100 nM colcemid for 10 h and were then collected. The karyotypes were determined using a standard G-banding procedure.
Note in Proof. While under review, two articles related to this study have been published (66, 67) .
